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Legacy effects of long-term nitrogen fertilizer application on the fate of
nitrogen fertilizer inputs in continuous maize
Abstract
Nitrogen fertilizer management can impact soil organic C (SOC) stocks in cereal-based cropping systems by
regulating crop residue inputs and decomposition rates. However, the impact of long-term N fertilizer
management, and associated changes in SOC quantity and quality, on the fate of N fertilizer inputs is
uncertain. Using two 15-year N fertilizer rate experiments on continuous maize (Zea mays L.) in Iowa, which
have generated gradients of SOC, we evaluated the legacy effects of N fertilizer inputs on the fate of added N.
Across the historical N fertilizer rates, which ranged from 0 to 269 kg N ha−1 yr−1, we applied isotopically-
labeled N fertilizer at the empirically-determined site-specific agronomic optimum rate (202 kg N ha−1 at the
central location and 269 kg N ha−1 at the southern location) and measured fertilizer recovery in crop and soil
pools, and, by difference, environmental losses. Crop fertilizer N recovery efficiency (NREcrop) at
physiological maturity averaged 44% and 14% of applied N in central Iowa and southern Iowa, respectively
(88 kg N ha−1 and 37 kg N ha−1, respectively). Despite these large differences in NREcrop, the response to
historical N rate was remarkably similar across both locations: NREcrop was greatest at low and high
historical N rates, and least at the intermediate rates. Decreasing NREcrop from low to intermediate historical
N rates corresponded to a decline in early-season fertilizer N recovery in the relatively slow turnover topsoil
mineral-associated organic matter pool (0–15 cm), while increasing NREcrop from intermediate to high
historical N rates corresponded to an increase in early-season fertilizer N recovery in the relatively fast
turnover topsoil particulate organic matter pool and an increase in crop yield potential. Despite the variation
in NREcropalong the historical N rate gradient, we did not detect an effect of historical N rate on
environmental losses during the growing season, which averaged 34% and 69% of fertilizer N inputs at the
central and southern locations, respectively (69 kg N ha−1 and 185 kg N ha−1, respectively). Our results
suggest that, while beneficial for SOC storage over the long term, fertilizing at the agronomic optimum N rate
can lead to significant environmental N losses.
Keywords
Nitrogen recovery efficiency, Nitrogen use efficiency, Soil organic matter, Nitrogen budget
Disciplines
Agriculture | Agronomy and Crop Sciences | Environmental Sciences | Soil Science
Comments
This article is published as Poffenbarger, Hanna J., John E. Sawyer, Daniel W. Barker, Daniel C. Olk, Johan Six,
and Michael J. Castellano. "Legacy effects of long-term nitrogen fertilizer application on the fate of nitrogen
fertilizer inputs in continuous maize." Agriculture, Ecosystems & Environment 265 (2018): 544-555. doi:
10.1016/j.agee.2018.07.005.
Rights
Works produced by employees of the U.S. Government as part of their official duties are not copyrighted
within the U.S. The content of this document is not copyrighted.
This article is available at Iowa State University Digital Repository: https://lib.dr.iastate.edu/agron_pubs/510
Authors
Hanna J. Poffenbarger, John E. Sawyer, Daniel W. Barker, Daniel C. Olk, Johan Six, and Michael J. Castellano
This article is available at Iowa State University Digital Repository: https://lib.dr.iastate.edu/agron_pubs/510
Contents lists available at ScienceDirect
Agriculture, Ecosystems and Environment
journal homepage: www.elsevier.com/locate/agee
Legacy eﬀects of long-term nitrogen fertilizer application on the fate of
nitrogen fertilizer inputs in continuous maize
Hanna J. Poﬀenbargera,b,⁎, John E. Sawyera, Daniel W. Barkera, Daniel C. Olkc, Johan Sixd,
Michael J. Castellanoa
a Department of Agronomy, Iowa State University, Ames, Iowa 50011-1010, United States
bDepartment of Plant and Soil Sciences, University of Kentucky, Lexington, KY 40546-0091, United States
cNational Laboratory for Agriculture and the Environment, USDA-ARS, Ames, Iowa 50011-3611, United States
d Department of Environmental Systems Science, Swiss Federal Institute of Technology, ETH-Zurich, Zurich 8092, Switzerland






A B S T R A C T
Nitrogen fertilizer management can impact soil organic C (SOC) stocks in cereal-based cropping systems by
regulating crop residue inputs and decomposition rates. However, the impact of long-term N fertilizer man-
agement, and associated changes in SOC quantity and quality, on the fate of N fertilizer inputs is uncertain. Using
two 15-year N fertilizer rate experiments on continuous maize (Zea mays L.) in Iowa, which have generated
gradients of SOC, we evaluated the legacy eﬀects of N fertilizer inputs on the fate of added N. Across the
historical N fertilizer rates, which ranged from 0 to 269 kg N ha−1 yr−1, we applied isotopically-labeled N
fertilizer at the empirically-determined site-speciﬁc agronomic optimum rate (202 kg N ha−1 at the central
location and 269 kg N ha−1 at the southern location) and measured fertilizer recovery in crop and soil pools,
and, by diﬀerence, environmental losses. Crop fertilizer N recovery eﬃciency (NREcrop) at physiological maturity
averaged 44% and 14% of applied N in central Iowa and southern Iowa, respectively (88 kg N ha−1 and 37 kg N
ha−1, respectively). Despite these large diﬀerences in NREcrop, the response to historical N rate was remarkably
similar across both locations: NREcrop was greatest at low and high historical N rates, and least at the inter-
mediate rates. Decreasing NREcrop from low to intermediate historical N rates corresponded to a decline in early-
season fertilizer N recovery in the relatively slow turnover topsoil mineral-associated organic matter pool
(0–15 cm), while increasing NREcrop from intermediate to high historical N rates corresponded to an increase in
early-season fertilizer N recovery in the relatively fast turnover topsoil particulate organic matter pool and an
increase in crop yield potential. Despite the variation in NREcrop along the historical N rate gradient, we did not
detect an eﬀect of historical N rate on environmental losses during the growing season, which averaged 34% and
69% of fertilizer N inputs at the central and southern locations, respectively (69 kg N ha−1 and 185 kg N ha−1,
respectively). Our results suggest that, while beneﬁcial for SOC storage over the long term, fertilizing at the
agronomic optimum N rate can lead to signiﬁcant environmental N losses.
1. Introduction
Nitrogen inputs to cereal-based cropping systems are typically ne-
cessary to optimize crop yield and proﬁtability over the short-term. In
addition, by stimulating crop growth and residue inputs to the soil, N
additions can increase soil organic matter (SOM) (Ladha et al., 2011;
Poﬀenbarger et al., 2017), helping to improve soil productivity over the
long-term (Pan et al., 2009; Williams et al., 2008). Synthetic N fertilizer
is the largest source of N inputs to cropland, exceeding typical con-
tributions from biological N ﬁxation, atmospheric deposition, and an-
imal manures (Liu et al., 2010). However, usually less than half of the
fertilizer N applied to maize (Zea mays L.), rice (Oryza sativa L.), or
wheat (Triticum aestivum L.) is actually taken up by the crop, and the
remainder is stored in the soil or lost to the environment (Cassman
et al., 2002). Nitrogen loss from cropland accelerates soil base cation
depletion, decreases regional water and air quality, exacerbates coastal
hypoxia, and contributes to greenhouse gas emissions (Robertson and
Vitousek, 2009).
Minimizing the tradeoﬀ between agricultural productivity and en-
vironmental quality requires eﬃcient use of fertilizer N inputs. For this
study, we deﬁne fertilizer N use eﬃciency as the proportion of fertilizer
N that is taken up by the crop or stored in the soil (Cassman et al.,
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2002). Crop fertilizer N recovery eﬃciency (i.e., the proportion of
fertilizer N that is taken up by the crop; NREcrop) typically decreases
with increasing N fertilizer rate because the yield boost provided by
each unit of added N diminishes as total N supply approaches the yield-
maximizing level (i.e., Law of Diminishing Returns; de Wit, 1992).
However, at a given N fertilizer rate, NREcrop increases with increasing
availability of other resources (e.g., water) because the crop is able to
produce more biomass from a given N supply when growth is not
limited by other factors (i.e., Law of the Optimum; de Wit, 1992). Be-
cause SOM is positively associated with both plant-available N supply
(Culman et al., 2013; Osterholz et al., 2017b; Spargo et al., 2011), as
well as the availability of other key soil resources (e.g., porosity, plant-
available water, other nutrients) (Loveland and Webb, 2003), SOM may
be an important factor regulating NREcrop through one or both of these
mechanisms.
Soil organic matter content may also impact the proportion of fer-
tilizer N that is recovered in the soil (NREsoil) (Barrett and Burke, 2002;
Castellano et al., 2011). As SOM levels increase, stable SOM pools,
which include fractions that are physico-chemically protected from
mineralization through mineral-association and/or microaggregation,
can become saturated (Six et al., 2002; Stewart et al., 2008). Once sa-
turated, these pools have limited capacity to stabilize new organic C,
leading to an enrichment of labile, partially-decomposed plant litter
and organic residues known as ‘particulate organic matter’ (POM)
(Brown et al., 2014; Gulde et al., 2008). Particulate organic matter is
decomposed relatively quickly, except when physically protected from
decomposition by occlusion within aggregates (Six et al., 1998). Pre-
vious research indicates that organic and inorganic N, like organic C,
can exhibit saturation behavior, meaning that soils with high SOM
content have limited capacity to protect against the mineralization of
added N that has been microbially-transformed into organic compounds
(Castellano et al., 2011; Poirier et al., 2014). As a result, added N may
accumulate as inorganic N, which is susceptible to environmental
losses, or be immobilized and re-mineralized during the decomposition
of POM (Burger and Jackson, 2003; Castellano et al., 2011; Compton
and Boone, 2002; Ladd et al., 1977).
In this study, we determined how legacy eﬀects of long-term N
fertilizer application on stable and labile SOM pools would aﬀect
NREcrop and NREsoil as well as environmental losses. We proposed two
alternative hypotheses regarding NREcrop: 1) increasing SOM decreases
NREcrop by increasing the supply of plant-available N, thus reducing
crop response to N fertilizer inputs, 2) increasing SOM increases
NREcrop by optimizing soil resources other than N. We also hypothe-
sized that increasing SOM decreases NREsoil by decreasing fertilizer N
retention in mineral-associated organic matter. To test these hy-
potheses, we measured the recovery of fertilizer N in crop and soil pools
along SOM gradients generated by long-term N fertilization of con-
tinuous maize.
2. Materials and methods
2.1. Nitrogen fertilization experiments
Long-term N fertilizer rate experiments were established in 1999 at
two Iowa State University Research and Demonstration Farms – one
located in central IA (42°01′N; 93°47′W) near Ames, IA and the other
located in southern IA (40°58′N; 93°25′W) near Chariton, IA. Soils at
the central location are classiﬁed as Hapludolls and Endoaquolls with
predominantly loam surface texture, while soils at the southern location
are classiﬁed as Argialbolls and Argiudolls with predominantly silt loam
surface texture according to the USDA Soil Taxonomy (Soil Survey
Staﬀ, 2018). The N fertilizer rate experiment in central IA is underlain
with artiﬁcial subsurface (‘tile’) drainage at a depth of 1.2 m. Tile
drainage is common to the region and installed on approximately 50%
of Iowa maize cropland. In contrast, the southern location does not
have artiﬁcial subsurface drainage. Soils at the central location are
generally more productive than those at the southern location: the
dominant Corn Suitability Rating (CSR2) values for the central and
southern locations are 88 and 41, respectively (Soil Survey Staﬀ, 2018).
Mean annual precipitation for 1999–2014 was 970mm at the central
location and 980mm at the southern location; mean annual tempera-
ture over the same time period was 9.1 °C at the central location and
9.5 °C at the southern location (Iowa State University, 2017).
The experimental design at each location is a randomized complete
block design with four replicates. Each replicate block is planted to
maize every year and divided into ﬁve (central) or seven plots
(southern), which each measure 4.6 m in width×15.2 m in length and
receive the same N rate every year. The N rates applied at the central
location range from 0 to 269 kg N ha−1 yr−1 in 67 kg N ha−1 yr−1
increments (ﬁve rates), while those at the southern location range from
0 to 269 kg N ha−1 yr−1 in 45 kg N ha−1 yr−1 increments (seven rates).
Maize is planted lengthwise in the plots with a row spacing of 0.8m (six
rows per plot). The trials are managed with fall chisel plowing and
spring disking and ﬁeld cultivation before planting. Nitrogen fertilizer
is applied as either urea incorporated at planting or as urea ammonium
nitrate solution injected 1–4 weeks after planting. Phosphorus, K, S, and
soil pH are maintained for optimum production based on soil testing.
Average grain yields and selected soil properties for each location
are presented in Table 1. Average grain yields from 2000 to 2014 were
used to determine the agronomic optimum N rate (i.e., the N rate that
maximizes yield; AONR) at each site using the quadratic-plateau
method described in Cerrato and Blackmer (1990). The AONR was
determined using grain yield data from only those years that followed a
maize crop, therefore 1999 was excluded. The AONR for the central
location was 202 kg N ha−1 yr−1. The AONR could not be precisely
deﬁned at the southern location because grain yield increased up to the
highest N rate applied (269 kg N ha−1 yr−1), so we set the AONR to be
269 kg N ha−1 yr−1 at this site (Poﬀenbarger et al., 2017).
2.2. Subplot N applications
In spring 2015, two 4.6-m wide×3.1-m long subplots were estab-
lished within each plot. One subplot received no N fertilizer (zero-N
subplot), while the other received the site-speciﬁc 2000–2014 AONR
(optimum-N subplot) using NH4NO3 solution (4 l per subplot). The
central portion of each optimum-N subplot (2.3-m wide×3.1-m long,
encompassing the second through ﬁfth rows) received the AONR with
15NH415NO3 (3.6 atom % at central location and 3.3 atom % at southern
location); the remaining area of each subplot received non-labeled
NH4NO3. The N solutions were applied to the soil surface of each
subplot using a handheld backpack sprayer after secondary tillage and
maize planting, but before emergence. Maize was planted at a seeding
rate of 89,000 seeds ha−1 on May 13 (central location) and on April 28,
2015 (southern location). Nitrogen applications for the subplots were
made on May 19 and April 30, 2015 at the central and southern loca-
tions, respectively. The remaining area within each main plot received
the same N fertilizer rate that it historically received as hand-broad-
casted SuperU on the same day that the subplot N fertilizer applications
were made. SuperU is a pelleted urea that contains a nitriﬁcation in-
hibitor and urease inhibitor (Koch Agronomic Services, Wichita, KS).
Subplots were thinned at the two-leaf stage to achieve consistent po-
pulations among all subplots. Maize populations averaged 83,200
plants ha−1 (SE= 1178) at the central location and 86,800 plants ha−1
(SE=600) at the southern location. Weed control was accomplished
using pre- and post-emergence herbicide applications. Supplemental
hand weeding was performed (with weed residue returned to the soil
surface) to maintain weed-free subplots.
2.3. Residue cover
At the maize ten-leaf stage in 2015, residue cover from the previous
year’s crop was visually assessed across the N input gradient. A 3-m
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pole marked at 15-cm increments was placed diagonally across each
subplot. The presence or absence of residue at each 15-cm marking was
recorded. Percentage residue cover was calculated as the proportion of
15-cm marks that intersected with residue, multiplied by 100 (Laﬂen
et al., 1981).
2.4. Soil sampling
Soil samples were collected to 15-cm depth in the fall of 2014 im-
mediately after maize harvest to measure soil inorganic N content (Oct.
17–21 at the central location and Oct. 22, 2014 at the southern loca-
tion). The 2014 samples were composites of ﬁfteen cores of 1.8-cm
diameter taken randomly throughout each of the long-term N rate plots.
In 2015, surface soil samples (0–15 cm) were collected following sub-
plot treatment application at the maize ﬁve-leaf growth stage (June 19
at the central location and June 1, 2015 at the southern location) and at
physiological maturity (Sept. 30 at the central location and Sept. 16,
2015 at the southern location). The 2015 surface soil samples were
composites of 12 cores of 1.8-cm diameter taken from the zero-N and
optimum-N subplots at the ﬁve-leaf stage and from the optimum-N
subplots at maturity.
Proﬁle soil cores (0–120 cm) were also collected immediately fol-
lowing maize harvest in 2015 (Oct. 13 at the central location and Oct.
16, 2015 at the southern location). The 2015 proﬁle soil samples were
composites of three cores of 3.8-cm diameter that were divided into 30-
cm increments. All of the optimum-N subplots were sampled to 120-cm
depth, but only one zero-N subplot from each block was sampled to this
depth to determine 15N natural abundance. We chose to sample the
zero-N subplots within the 135 kg N ha−1 yr−1 historical N rate
treatment for 15N natural abundance because this treatment was pre-
sent at both locations and represents the midpoint historical N rate.
All soil cores collected from subplots were taken from the center
1.5-m width× 2.3-m length of each subplot to encompass the portion
of the optimum-N subplots that received 15N-labeled fertilizer. All soil
samples were transported in a cooler and stored at 4 °C for less than one
week before processing.
2.5. Soil physical and chemical analyses
Soil sample processing involved obtaining a fresh weight of each
sample and a fresh and oven-dried weight (105 °C) of a 10-g subsample.
Bulk density was determined by dividing the oven-dry weight of the soil
by the volume of the sample, which was calculated using the volume of
the coring tool (Franzluebbers and Arshad, 1997). Each soil sample was
then passed through an 8-mm sieve and mixed by hand. The 2015 soil
samples were subsampled for inorganic N determination immediately
after sieving and homogenization while the soil was still ﬁeld-moist,
whereas the fall 2014 soil samples were air-dried and ﬁnely ground
before inorganic N determination. We extracted exchangeable NH4+
and NO3− by reciprocal shaking for 1 h in a 2M KCl solution at a mass/
volume ratio of 1:5. After shaking, the solution was ﬁltered using a pre-
leached Whatman #1 ﬁlter paper and analyzed for NH4+-N and NO3−-
N concentrations using colorimetric methods (Hood-Nowotny et al.,
2010). The remaining portion of each sample was air-dried. A sub-
sample of the air-dried sample was ﬁnely ground and analyzed for total
N concentration and 15N abundance using dry combustion elemental
analysis/IRMS (Europa Scientiﬁc SL-2020, Cambridge, UK). Con-
centrations of inorganic N and total N in mg kg−1 were scaled to units
of kg ha−1 using the bulk density of each sample. We also measured soil
pH in deionized (DI) water at a volume/volume ratio of 1:1 and per-
formed texture analysis (Kettler et al., 2001) using air-dried subsamples
from the zero-N subplots sampled at the ﬁve-leaf stage.
2.6. Soil physical fractionation
The 0–15 cm depth soil samples from the ﬁve-leaf and physiological
maturity sampling events were also subjected to size- and density-based
separations to isolate fractions representative of stable and labile SOM
pools (Six et al., 2002). We isolated three particulate organic matter
(POM) fractions: coarse unprotected POM (cPOM), ﬁne unprotected
POM (fPOM), and microaggregate-protected POM (iPOM), as well as
two mineral-associated fractions: microaggregate-derived silt plus clay
(μSilt + Clay) and easily dispersed silt plus clay (dSilt+ Clay). Coarse
unprotected POM and fPOM are considered relatively labile (fast
turnover), while iPOM, μSilt+ Clay, and dSilt+ Clay are considered
relatively stable (slow turnover; Six et al., 2002). Our fractionation
methods largely followed the physical and density fractionation tech-
niques described by Stewart et al. (2008) and are described in Appendix
1 in Supplementary material.
The cPOM, fPOM, iPOM, μSilt + Clay, and dSilt +Clay fractions
were ground using a mortar and pestle and analyzed for total C and N
concentrations and 15N abundance using dry combustion elemental
Table 1
Mean grain yields (2000–2014) and selected soil properties (0–15 cm) for the long-term N rate experiments in central and southern IA. Standard errors are shown in
parentheses. Regression coeﬃcients for signiﬁcant responses of yield and soil properties to historical N rate are provided in the footnotes.




Sand content (g 100 g−1 soil)c pHd
Central
0 4.16 (0.28) 1.34 (0.04) 38.0 (1.9) 6.7 (0.2)
67 8.18 (0.16) 1.38 (0.04) 36.4 (3.0) 6.4 (0.2)
135 10.59 (0.11) 1.33 (0.02) 36.7 (2.3) 6.2 (0.1)
202 11.12 (0.13) 1.34 (0.02) 36.8 (3.1) 6.0 (0.1)
269 11.60 (0.17) 1.32 (0.05) 36.3 (2.7) 6.2 (0.2)
Southern
0 2.10 (0.19) 1.28 (0.04) 4.0 (0.2) 6.3 (0.1)
45 3.58 (0.08) 1.24 (0.03) 4.3 (0.2) 6.5 (0.2)
90 4.84 (0.11) 1.24 (0.03) 4.5 (0.5) 6.3 (0.1)
135 6.49 (0.21) 1.23 (0.03) 4.5 (0.2) 6.1 (0.1)
179 7.93 (0.17) 1.25 (0.03) 4.5 (0.4) 6.2 (0.1)
224 8.59 (0.23) 1.21 (0.03) 4.7 (0.5) 6.2 (0.1)
269 9.18 (0.31) 1.23 (0.03) 4.7 (0.7) 6.0 (0.2)
a Central: Yield= 4.16+ 0.072*Rate – 0.00018*Rate2 for Rate<200, Yield=11.35 for Rate> 200; Southern: Yield= 1.95+ 0.040*Rate – 0.000046*Rate2
(Poﬀenbarger et al., 2017).
b Bulk density values averaged across subplot types at ﬁve-leaf maize growth stage. Central: Bulk dens=1.36 – 0.00015*Rate (P < 0.001 for intercept, P < 0.10
for linear coeﬃcient); Southern: Bulk dens = 1.26 – 0.00015*Rate (P < 0.001 for intercept, P < 0.10 for linear coeﬃcient).
c Sand= 37.4 – 0.0046*Rate (P < 0.001 for intercept, P < 0.10 for linear coeﬃcient); Southern: non-signiﬁcant response.
d Central and southern: pH=6.47 – 0.0015*Rate (P < 0.001 for intercept and linear coeﬃcient).
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analysis/IRMS (Europa Scientiﬁc SL-2020, Cambridge, UK). Due to the
small masses of the fPOM fractions, we combined material across the
four replicate blocks of each N rate treatment for each location prior to
analysis. The C and N concentrations of each fraction were multiplied
by the proportion of each fraction to whole soil mass to determine the C
and N content of each fraction per unit of whole soil mass. The per-
centage of whole soil C recovered in the fractions averaged 90 and 91%
for central and southern locations, respectively. When presenting soil
organic C (SOC) content or fertilizer N recovery of individual fractions,
we combined cPOM and fPOM into a single ‘free POM’ (frPOM) frac-
tion.
2.7. Plant sampling and analysis
Maize was sampled for grain yield and N uptake within the zero-N
and optimum-N subplots at physiological maturity (Sept. 24 at the
central location and Sept. 11, 2015 at the southern location). Six plants
were collected from the center 1.5-m width× 2.3-m length of each
subplot. The ears and stover (stalks, leaves, and husks) were separated,
a fresh weight was obtained on the ears, and both the ears and stover
were placed in an oven at 60 °C. Ears were collected by hand from the
remaining plants in the center two rows of each subplot, counted to
determine plant population, and weighed fresh (yield area=3.48m2).
The grain and cobs from the six-plant sample were separated and all
components (i.e., stover, grain, and cobs) were weighed separately after
drying. The grain dry matter yield (in kg ha−1) was calculated by ad-
justing the fresh ear weight of the entire area to grain dry weight using
the moisture content and grain:cob ratio of the six-plant sample. Stover
and cob dry matter (in kg ha−1) were calculated using the grain dry
matter yield, the harvest index (grain dry matter/total aboveground dry
matter) of the six-plant sample, and the stover and cob proportions of
the six-plant sample. Grain yield was adjusted to 155 g kg−1 moisture
content. The stover, cob, and grain of each six-plant sample were
ground separately and analyzed for N concentration and 15N abundance
using dry combustion elemental analysis/IRMS (Europa Scientiﬁc SL-
2020, Cambridge, UK). The N concentration of each component was
multiplied by the corresponding dry matter to calculate N content of
that component. The N contents of all components were added to obtain
total aboveground plant N uptake in units of kg ha−1.
Maize was harvested in the remaining portion of the plots (i.e.,
outside of the zero-N and optimum-N subplots) using a small-plot
combine in 2015. Grain yields in 2015 were used to determine the
AONR at each location for this speciﬁc year using the quadratic-plateau
method (Cerrato and Blackmer, 1990). The 2015 AONR for the central
location was 217 kg N ha−1 yr-1. Consistent with previous years, the
AONR at the southern location could not be precisely deﬁned in 2015
because grain yield increased up to the highest N rate applied (269 kg N
ha-1 yr-1).
2.8. Calculations and statistics
Fertilizer N recoveries in maize grain (NRgrain), total aboveground
biomass (including grain, cobs, and stover; NRcrop), whole soil (NRsoil
(0–15 cm) or NRsoil (0–120 cm)) and soil fractions (NRμSilt+Clay, NRdSilt+clay,
NRiPOM, and NRfrPOM) were calculated using the direct method ac-





Atom N Atom N







=Fertilizer N recovery Fertilizer N fraction x N contentdirect optN (2)
where Atom%15NoptN and Atom%15NzeroN are the atom % 15N values of
maize grain, total aboveground biomass, whole soil, or soil fractions
from the optimum-N subplot and zero-N subplot, respectively, N
contentoptN is the N content of maize grain, total aboveground biomass,
whole soil, or soil fractions from the optimum-N subplot, and Atom
%15Nfertilizer is the atom % 15N of the fertilizer applied to the optimum-N
subplot.
Fertilizer N recovery in maize grain and total aboveground biomass
was also calculated using the diﬀerence method. The diﬀerence method
assumes that N fertilization has no eﬀect on plant uptake of soil N,
which is estimated using the amount of N contained in the aboveground
portion of the crop grown in an unfertilized plot (zero-N subplot)
(Hauck and Bremner, 1976). Fertilizer N recovery by the diﬀerence
method was calculated as:
= −Fertilizer N recovery N content N contentdifference optN zeroN (3)
Crop fertilizer N recovery eﬃciency was calculated by dividing the
fertilizer N recovery in total aboveground biomass determined using
the direct or diﬀerence method by the N rate applied in the optimum-N
subplots (202 kg N ha−1 at the central location and 269 kg N ha−1 at
the southern location) and multiplying by 100. Fertilizer N use eﬃ-
ciency was considered to be the percentage of total fertilizer N applied
that was recovered in the crop aboveground biomass at physiological
maturity or in the soil to 120 cm depth at harvest time.
We used linear mixed-eﬀects models in R (R Core Team, 2017) to
determine the eﬀect of historical N rate on SOM properties, grain yield,
plant N uptake, and fertilizer N recovery in plant and soil pools
(Pinheiro et al., 2014). Fixed eﬀects included location (categorical
variable), historical N rate (continuous variable), squared historical N
rate, and the interactions of location by historical N rate and location by
squared historical N rate; block was included as a random eﬀect. For
SOC and C:N ratio of whole soil and soil fractions, we used data from
the ﬁve-leaf sampling time averaged over subplot types when per-
forming regression analysis and calculating means. For NRgrain and
NRcrop, the method of determination (direct vs. diﬀerence) was also
included as a ﬁxed eﬀect in the statistical model to determine the eﬀect
of method on the response of fertilizer N recovery to historical N rate.
For NRsoil and soil inorganic N content following maize harvest, each
depth increment was analyzed separately. Analysis of variance was
used to determine the signiﬁcance of ﬁxed eﬀects. Normal distribution
of residuals and homogeneity of variances were veriﬁed by examining
normal probability plots and residuals vs. ﬁtted values. Non-signiﬁcant
ﬁxed eﬀects (P > 0.10) were eliminated from models in a stepwise
fashion beginning with the highest order interaction. For all statistics,
we used alpha levels of 0.10, 0.05, 0.01, and 0.001 to indicate varying
degrees of statistical signiﬁcance. The glht function in R package
‘multcomp’ (Hothorn et al., 2008) was used for hypothesis testing of the
regression coeﬃcients.
3. Results
3.1. Weather conditions for 2015 growing season
The central location experienced average precipitation during April
and May, and above-average precipitation for most of the 2015 growing
season (June–September) (Fig. S1). The southern location also experi-
enced above-average rainfall for May, June, July and September, and
below-average rainfall for the months of April, August, and October of
2015. Air temperatures were near-average for most of the 2015 growing
season, but both locations experienced relatively warm mean tem-
peratures in April, September, and October.
3.2. Soil organic matter, inorganic N content, and residue cover
At both locations, approximately half (46–54%) of total SOC in the
surface 15 cm was associated with silt and clay particles occluded in
microaggregates (μSilt+ Clay), and this fraction combined with easily-
dispersed silt + clay (dSilt + Clay) accounted for 81–88% of total SOC
(Fig. 1). Of the two POM fractions, frPOM made up a greater proportion
of total SOC than iPOM, except within plots that historically received
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low N inputs at the southern location. The southern location soil was
more ﬁne-textured than the central location soil and contained more
SOC, particularly within the dSilt+ Clay and POM fractions (Fig. 1).
The SOC concentration of the whole soil and all physical fractions
increased with increasing long-term N rate (P < 0.05; Table S1), with
the exception of dSilt+Clay. With increasing N application from 0 to
269 kg N ha−1 yr−1 at both locations, there was approximately a 10%
increase in the total SOC and μSilt+ Clay, a 20–40% increase in iPOM
and a 50–70% increase in frPOM.
The C:N ratios of whole soil, μSilt+ Clay, and dSilt +Clay were
between 11 and 12, while the iPOM and frPOM fractions had C:N ratios
of 14–17 and 18–21, respectively (Fig. S2). The C:N ratio of all physical
fractions decreased signiﬁcantly across the N input gradient (P < 0.05;
Fig. S2 and Table S2), while the whole soil C:N ratio was unaﬀected by
historical N rate (P=0.25).
The gradient of long-term N inputs also impacted fall and spring soil
inorganic N content and residue cover. Soil inorganic N content in the
fall immediately following 2014 harvest ranged from 10 to 20 kg N
ha−1 in the surface 15 cm, with maximum values at intermediate
(southern) or high (central) historical N rates (Fig. S3). Soil inorganic N
content in zero-N subplots at the ﬁve-leaf stage in 2015 was greatest for
the highest historical N rate at both locations (Table S3). Residue cover
at the maize ten-leaf stage in 2015 averaged 30% in the plots that
historically received zero N and increased to 59% at the highest long-
term N rate at both locations (Fig. S4). Percentage residue cover ex-
hibited a quadratic response to historical N rate at both locations.
3.3. Crop yield, N uptake, and fertilizer N recovery
At both sites, grain yield and aboveground plant N uptake at phy-
siological maturity in the zero-N subplots increased linearly with his-
torical N rate (P < 0.01), while grain yield and N uptake in the op-
timum-N subplots exhibited a quadratic response (P < 0.10; Table S4)
with the greatest yield and N uptake in subplots that had historically
received relatively low or high N inputs (Fig. 2). Averaged across
historical N rates, maize grain yield in the optimum-N subplots was
13.4 Mg ha−1 at the central location and 8.3Mg ha−1 at the southern
location, and aboveground plant N uptake (fertilizer N+non-fertilizer
N) was 179 kg N ha−1 at the central location and 96 kg N ha−1 at the
southern location. Maize grain yield and N uptake in the zero-N sub-
plots were 40–50% of the yield or N uptake in the optimum-N subplots
(Fig. 2).
Consistent with grain yield and aboveground plant N uptake in the
optimum-N subplots, NRcrop at both sites exhibited a quadratic response
to historical N rate (P < 0.01; Table S5), with the greatest NRcrop in
subplots that had historically received relatively low or high N inputs
(Fig. 3). Averaged across historical N rates, maize took up 88 kg ferti-
lizer-N ha−1 in aboveground biomass (44% of fertilizer N applied) at
the central location, and 37 kg fertilizer-N ha−1 (14% of fertilizer N
applied) at the southern location as measured by the direct 15N method
(Fig. 3). Fertilizer N accounted for 49% and 37% of total plant N uptake
at the central and southern locations, respectively, and this percentage
did not vary across historical N rates (P=0.14). Sixty-nine percent
(central) or 65% (southern) of fertilizer N recovered in aboveground
biomass was harvested as grain (Fig. 3). Crop fertilizer N recovery was
signiﬁcantly greater when measured using the diﬀerence method than
the direct method (P < 0.001; Fig. 3; Table S5), but the response of
NRgrain and NRcrop to historical N rate was similar for both methods
(P > 0.10).
3.4. Fertilizer N recovery in topsoil (0–15 cm)
According to soil 15N measurements, between 18 and 40% of the
fertilizer N applied at planting was recovered in the surface 15 cm of
soil at the onset of the maximum rate of maize N uptake (ﬁve-leaf stage;
∼4 weeks after fertilizer application; Osterholz et al., 2017a). Ap-
proximately 5–10 kg N ha−1 would be expected to be present in a maize
crop at this growth stage (Abendroth et al., 2011), and a portion may
have moved to deeper soil layers following rain events after application.
At the central location, NRsoil (0–15 cm) decreased from 54 kg fertilizer-N
Fig. 1. Soil organic C in whole soil, microaggregate-derived silt plus clay (μSilt+Clay), easily dispersed silt plus clay (dSilt + Clay), microaggregate-protected
particulate organic matter (iPOM), and free particulate organic matter (frPOM) for 0–15 cm samples collected in two long-term N rate experiments at the maize ﬁve-
leaf growth stage in 2015. Data were averaged across the optimum-N and zero-N subplots. Coeﬃcient estimates for regression lines and curves are presented in Table
S1. Error bars depict ± one SE.
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ha−1 to 36 kg fertilizer-N ha−1 from the lowest to highest historical N
rate, although the decrease was not signiﬁcant (P=0.87; Fig. 4; Table
S6). At the southern location, NRsoil (0–15 cm) exhibited a quadratic
response (P < 0.001), with approximately 100 kg fertilizer-N ha−1
recovered in plots that had historically received 0 or 269 kg N ha−1 in
annual applications and as little as 73 kg fertilizer-N ha−1 recovered in
Fig. 2. Maize grain yield and aboveground plant N uptake at physiological maturity in the zero-N and optimum-N subplots of two long-term N rate experiments.
Coeﬃcient estimates for regression lines and curves are presented in Table S4. Error bars depict ± one SE.
Fig. 3. Fertilizer N recovery in maize grain and aboveground
biomass (grain, cob, and stover) at physiological maturity in
the optimum-N subplots of two long-term N rate experiments.
Fertilizer N recovery was determined using the uptake of 15N-
labeled fertilizer (‘direct method’) and by the diﬀerence be-
tween N uptake in the optimum-N subplot and the zero-N
subplot (‘diﬀerence method’). Coeﬃcient estimates for re-
gression curves are presented in Table S5. Error bars depict
± one SE.
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the plots that had received the intermediate historical N rate. Of the
total fertilizer N recovered in the surface 15 cm of the soil, only 20–36%
was recovered in the insoluble physical fractions, suggesting that most
of the fertilizer N present in the soil remained in soluble forms at the
ﬁve-leaf growth stage. This is consistent with the large pools of soil
inorganic N (fertilizer and SOM-derived inorganic N) measured in op-
timum-N subplots at the same growth stage, which averaged 75 kg N
ha−1 at the central location and 152 kg N ha−1 at the southern location
(Table S3). Most of the fertilizer N recovered in the insoluble physical
fractions was found in the dSilt + Clay and μSilt+ Clay fractions, and
NRdSilt+Clay decreased with historical N rate (P < 0.05; Fig. 4; Table
S6). Between 1 and 3 kg fertilizer-N ha−1 was found in the frPOM
fraction at the maize ﬁve-leaf stage, and recovery of fertilizer N in this
fraction increased from the long-term zero N treatment to the inter-
mediate and high historical N rates (P < 0.05; Fig. 4 and Table S6).
Very little fertilizer-N was recovered in the iPOM fraction (Fig. 4).
Recovery of fertilizer N in the surface 15 cm decreased between the
ﬁve-leaf stage and physiological maturity, corresponding to the period
of substantial N uptake by the crop. At physiological maturity, 27–40 kg
fertilizer-N ha−1 was recovered in the surface 15 cm at the central lo-
cation and 34–51 kg fertilizer-N ha−1 was recovered at the southern
location; 60–90% of the total fertilizer N recovered in the surface 15 cm
was found in the insoluble mineral-associated and POM fractions
(Fig. 5). Fertilizer N recovery decreased with historical N rate for the
whole soil and mineral-associated fractions (P < 0.05; Fig. 5 and Table
S7). However, NRfrPOM increased from zero to intermediate (central and
southern) or high (southern) historical N rates (P < 0.05; Fig. 5 and
Table S7).
3.5. Fertilizer N recovery in crop and soil proﬁle (0–120 cm)
Fertilizer N recovery in the soil proﬁle (0–120 cm) following maize
harvest averaged 45 kg fertilizer-N ha−1 and 48 kg fertilizer-N ha−1, or
22% and 18% of fertilizer N applied, at the central and southern lo-
cations, respectively (Fig. 6). Recovery of fertilizer N in the soil at crop
harvest time decreased with depth at both locations. Summed across all
soil depths, there was a trend toward greater NRsoil (0–120 cm) at low
historical N rates than high historical N rates at both locations (Table
S8).
Despite the signiﬁcant eﬀect of historical N rate on NRcrop (Fig. 3),
there was no eﬀect of historical N rate on total system recovery (crop
recovery plus soil recovery; P=0.18), which averaged 134 kg ferti-
lizer-N ha−1 and 84 kg fertilizer-N ha−1, or 66 and 31% of fertilizer N
applied, across historical N rates at the central and southern locations,
respectively (Fig. 6). The quantity of fertilizer N not recovered in the
crop and soil averaged 69 kg fertilizer-N ha−1 and 185 kg fertilizer-N
ha−1, or 34% and 69% of the fertilizer N applied, at the central and
southern locations, respectively (Fig. 6).
4. Discussion
4.1. Increasing long-term N fertilizer rate increases plant-available N supply
The range of long-term N fertilizer rates generated a gradient of SOC
at both locations that could be attributed to increases in aggregate-as-
sociated SOC and relatively labile frPOM rather than the relatively
stable mineral-associated dSilt + Clay. This pattern of SOC accumula-
tion in the physical fractions is consistent with ﬁndings by Chung et al.
(2008) and the hierarchical model of C saturation, which posits that
small, chemically-protected pools (e.g., dSilt+ Clay) have a lower ca-
pacity to store added C than larger chemically- and physically-protected
pools (e.g., μSilt+ Clay and iPOM) and that C inputs accumulate in
labile pools (e.g., frPOM) as the physico-chemically protected pools
approach saturation (Gulde et al., 2008; Stewart et al., 2009, 2008).
We found that the physical fractions diﬀered in C and N stoichio-
metry, with the greatest C:N ratios observed for frPOM, followed by
iPOM, μSilt+ Clay, and dSilt+Clay at both locations. The wide C:N
ratios of the POM fractions suggest the dominance of partially-decom-
posed plant material, while the more narrow C:N ratios of the mineral-
associated fractions suggest the dominance of microbial products
(Grandy and Neﬀ, 2008; Plaza et al., 2013; Puget et al., 1998). The C:N
ratios of all physical fractions declined with increasing long-term N
Fig. 4. Fertilizer N recovery in whole soil, microaggregate-derived silt plus clay (μSilt+Clay), easily dispersed silt plus clay (dSilt + Clay), microaggregate-protected
particulate organic matter (iPOM), and free particulate organic matter (frPOM) for 0–15 cm samples collected at the maize ﬁve-leaf growth stage in the optimum-N
subplots of two long-term N rate experiments. Coeﬃcient estimates for regression lines and curves are presented in Table S6. Error bars depict ± one SE.
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fertilizer rate. This decline may be explained by a decrease in the C:N
ratio of crop residue (Russell et al., 2009), a decrease in the fungal:-
bacterial ratio (Brown et al., 2014), an increase in non-exchangeable
inorganic N (Chen and Mackenzie, 1992; Liang and MacKenzie, 1994),
or a shift from more plant-derived to more microbial-derived products
within the fractions (Simpson et al., 2007). Inconsistent with trends
observed for the physical fractions, the C:N ratio of the whole soil was
not aﬀected by N fertilizer rate at either location, a discrepancy that
may be explained by a lower analytical sensitivity to changes in whole
SOC and N concentrations. When assessing the eﬀect of long-term N
fertilizer rate on SOC fractions at the central location, Brown et al.
(2014) also measured signiﬁcant changes in the C:N ratios of POM
fractions but not of the whole soil samples.
We were able to link the positive eﬀect of long-term N fertilization
on SOC to increased plant-available N supply from SOM mineralization.
Where no fertilizer N was applied in 2015 (i.e., the zero-N subplots),
increasing historical N rate led to greater total N uptake by maize at
both locations. Variation in surface soil inorganic N content from the
previous fall (2014) was not large enough to account for diﬀerences in
plant N uptake across the historical N rate gradient in 2015, though the
relatively shallow sampling depth (0–15 cm) may not have fully cap-
tured treatment eﬀects on residual soil inorganic N (Fig. S3). However,
in the zero-N subplots, the diﬀerence between plant N uptake at ma-
turity and soil inorganic N at the ﬁve-leaf stage was ∼10 kg N ha−1
greater in the highest historical N rate treatment than in the long-term
zero-N treatment at both locations (equal to 12–24% of total plant N
uptake), indicating that more N mineralization occurred during the
growing season in the plots that had historically received high N rates.
Fig. 5. Fertilizer N recovery in whole soil, microaggregate-derived silt plus clay (μSilt+Clay), easily dispersed silt plus clay (dSilt + Clay), microaggregate-protected
particulate organic matter (iPOM), and free particulate organic matter (frPOM) for 0–15 cm samples collected at maize physiological maturity in the optimum-N
subplots of two long-term N rate experiments. Coeﬃcient estimates for regression lines and curves are presented in Table S7. Error bars depict ± one SE.
Fig. 6. Mass per area and percentage of ap-
plied fertilizer N that was recovered in maize
aboveground biomass, the soil proﬁle
(0–120 cm), and unrecovered at harvest time
in optimum-N subplots of two long-term N rate
experiments. Fertilizer recovery in each pool
was averaged across historical N rate treat-
ments. Error bars depict ± one SE.
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This N budget approach veriﬁes that the positive relationship between
labile SOC or total SOC content and net N mineralization observed in
laboratory incubation studies (Curtin and Wen, 1999; Osterholz et al.,
2017b; Spargo et al., 2011) explains variation in crop N uptake in the
ﬁeld. The legacy eﬀect of N fertilization on maize N uptake in un-
fertilized plots is consistent with ﬁndings by Motavalli et al. (1992),
albeit less pronounced than the legacy eﬀect that they observed.
4.2. Legacy eﬀects of N fertilizer rate on crop and soil fertilizer N recovery
Crop fertilizer N recovery in the optimum-N subplots decreased with
increasing historical N rate among the lowest historical N rates and then
increased among the highest historical rates at both locations. Contrary
to our ﬁrst hypothesis, the initial decrease in NRcrop at low historical N
rates could not be explained by variation in the soil N supply. Maize N
uptake in the zero-N subplots indicated increasing soil N-supplying
capacity across the gradient of historical N inputs, which should de-
crease the response of maize N uptake to fertilizer N inputs (i.e., the
diﬀerence between N uptake in the optimum-N and zero-N subplots).
However, plant N uptake in the optimum N subplots was not constant
across the historical treatments, but instead showed a lower plant N
uptake at intermediate historical N rates compared to low and high
historical N rates at both locations. The decrease in plant N uptake in
the optimum-N subplots from low to intermediate historical N rates
suggests that the initial decrease in NRcrop was more likely due to
variation in the plant-availability of newly added fertilizer N than to
variation in the soil N-supplying capacity.
Consistent with our second hypothesis and the Law of the Optimum
(de Wit, 1992), the increase in NRcrop from intermediate to high his-
torical N rates may relate to the soil’s capacity to supply resources other
than N for crop growth and yield. In the optimum-N subplots, we ob-
served a 10–20% increase in yield from intermediate to high historical
N rates, which agrees with the idea that increasing SOM enhances the
supply of soil resources other than N (Loveland and Webb, 2003), re-
sulting in a greater yield potential and more complete recovery of fer-
tilizer N inputs (de Wit, 1992; Liang et al., 2013). All treatments within
the present study were maintained for optimum P, K, S, and soil pH;
however, it is possible that increasing SOM increased availability of
another limiting plant nutrient. Alternatively, improved soil physical
properties (e.g., lower bulk density; Table 1) may have allowed roots to
access water and nutrients more easily in plots with greater SOC con-
tent, increasing yield potential and NRcrop (Unger and Kaspar, 1994). In
another Iowa study, Lazicki et al. (2016) reported higher yields and
greater root length density of maize grown in cropping systems re-
ceiving more organic C inputs. Further research on root growth char-
acteristics and root fertilizer N recovery across gradients of SOM may
help to explain the curvilinear response NRcrop observed in our study.
Patterns of NRsoil (0–15 cm) largely support our hypothesis that in-
creasing SOM pool size leads to lower soil retention of fertilizer N
(Castellano et al., 2011). At the ﬁve-leaf stage and physiological ma-
turity at both locations, NRdSilt+Clay decreased with increasing histor-
ical N rate, while NRfrPOM increased, at least over a portion of the
historical N rate gradient. At physiological maturity, we also observed a
decrease in NRμSilt+Clay and NRsoil (0–15 cm) with increasing historical N
rate. These patterns agree with previous research showing that a de-
creasing proportion of added N is stored in stable pools as the con-
centration of mineral-associated or total SOC increases (Castellano
et al., 2011; Poirier et al., 2014; White et al., 2014). In plots with his-
torically low N inputs, mineral-associated SOC (particularly μSilt+
Clay-C) was lower and thus there was a greater capacity to stabilize new
N in organic compounds chemically bound to silt and clay surfaces. In
plots with historically high N inputs, a lower C saturation deﬁcit of
mineral-associated organic matter and greater presence of frPOM and
surface residue may have led to less fertilizer N stabilization in mineral-
associated fractions and greater immobilization of fertilizer N in mi-
crobial biomass associated with the decomposing residue (Nissen and
Wander, 2003). The partially-decomposed plant residues making up
frPOM have relatively high C:N ratios (18–21), which approach the
critical transition from net N mineralization to net N immobilization
(Stevenson and Cole, 1999). Interestingly, NRfrPOM did not increase
linearly across the historical N rates (i.e., in proportion to the size of
this fraction), perhaps because the C:N ratio decreased as the size of the
fraction increased, representing a trade-oﬀ between pool (sink) size and
stoichiometric controls on N retention.
Our results suggest that the retention of fertilizer N in the topsoil
was controlled by two competing processes: the immobilization of
fertilizer N in mineral-associated organic matter and the immobilization
of fertilizer N in microbial biomass associated with POM. At both
growth stages at the central location and at physiological maturity at
the southern location, NRsoil(0–15 cm) was well-correlated with
NRμSilt+Clay and NRdSilt+Clay (Figs. 4 and 5). In contrast, at the southern
location at the ﬁve-leaf stage, NRsoil(0–15 cm) reﬂects retention by
dSilt +Clay at low historical N rates and recovery in POM and soluble
fractions at high historical N rates (Fig. 4). Importantly, the variation in
early-season NRsoil (0–15 cm) was positively correlated with end-of-season
grain yield (r= 0.58; P < 0.05), plant N uptake (r=0.49; P < 0.10),
and NRcrop (r= 0.69; P < 0.001) at the southern location (though not
the central location; Figures S5 and S6), suggesting that maize roots
were able to take up more fertilizer N when more of it was retained in
the region of high root density (Fan et al., 2016).
Despite signiﬁcant eﬀects of historical N rate on NRcrop and NRsoil
(0–15 cm) at physiological maturity, there was no legacy eﬀect of N rate
on fertilizer N recovery for the crop-soil system (i.e., crop aboveground
biomass plus soil proﬁle), suggesting that variation in fertilizer N use
eﬃciency was due to diﬀerential allocation of fertilizer N between these
pools rather than to variation in N losses. Our data suggest that, at
lower historical N rates, the greater allocation of fertilizer N to crop
uptake than soil storage relates to greater early-season retention of
fertilizer N in the topsoil mineral-associated organic matter. In contrast,
at high historical N rates, greater allocation of fertilizer N to crop up-
take than soil storage may be due to: 1) enhanced crop yield potential
and thus more complete fertilizer N recovery due to greater SOM
content, and/or 2) improved availability of fertilizer N due to a greater
proportion of fertilizer N cycling in labile pools (such as frPOM or
microbial biomass) of topsoil.
4.3. Site-speciﬁc factors strongly inﬂuence the fate of fertilizer N inputs
Diﬀerences in fertilizer N use eﬃciency were much greater between
locations than among historical N rates within a single location. At the
central location, the percentage of fertilizer N recovered in the crop and
soil pools (44% and 22%, respectively) was consistent with results from
other 15N studies conducted in optimally-fertilized continuous maize
systems of the Midwestern U.S., which generally show 30–50% of fer-
tilizer N recovered in aboveground crop biomass and 15–40% re-
covered in the soil proﬁle (Schindler and Knighton, 1999; Stevens et al.,
2005; Timmons and Cruse, 1990; Varvel and Peterson, 1990). At the
central location,∼70 kg fertilizer-N ha−1 was not recovered in the crop
aboveground biomass or soil proﬁle at harvest time, a quantity that is
consistent with ﬁgures from other 15N tracer experiments using a si-
milar fertilizer N rate (Gardner and Drinkwater, 2009). Nitrogen losses
of this magnitude are conceivable considering that annual NO3−-N
leaching losses in tile-drained maize cropland are estimated to be
20–50 kg N ha−1 yr−1 (David et al., 1997; Jaynes et al., 2001; Lawlor
et al., 2008) and annual denitriﬁcation losses are estimated to be
15–30 kg N ha−1 yr−1 (Burkart and James, 1999; Hofstra and
Bouwman, 2005; Seitzinger et al., 2006). It’s important to note that
these estimates of leaching and denitriﬁcation losses include both fer-
tilizer-N and mineralized SOM-N lost throughout an entire year;
Martinez-Feria et al. (2018) estimated that 93% of N leaching and de-
nitriﬁcation losses in continuous maize production at two Iowa sites
were related to ineﬃcient use of N fertilizer inputs, but only about half
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of these losses occurred during the growing season. On the other hand,
the unrecovered fertilizer N determined in our study accounts for not
only leaching and denitriﬁcation losses during the growing season, but
also volatilization losses (which likely make up<20 kg fertilizer-N
ha−1; Meisinger and Randall, 1991) and N contained in root biomass
(which may make up ∼15 kg fertilizer-N ha−1, assuming fertilizer-N
makes up 50% of root biomass N; Dietzel et al., 2017).
The low NREcrop at the southern location (14%) is consistent with
the observation that the AONR is typically high (269 kg N ha−1 yr-1;
Poﬀenbarger et al., 2017) despite grain yields being relatively low at
this location. The recovery of fertilizer N in the soil proﬁle (18%) was
also low relative to other 15N studies conducted in continuous maize
systems of the region (Schindler and Knighton, 1999; Stevens et al.,
2005; Timmons and Cruse, 1990). Approximately 185 kg fertilizer-N
ha−1 was not recovered in crop aboveground biomass or in the soil
proﬁle at the end of the growing season. Very little of the fertilizer N
recovered in the soil at harvest time was found below 30 cm depth
(Table S8), suggesting that N losses occurred largely from the soil
surface rather than through leaching. Because the soil pH was slightly
acidic and the fertilizer was applied in solution, it’s unlikely that soil
volatilization was a dominant loss pathway (Meisinger and Randall,
1991). Therefore, a large portion of the unrecovered fertilizer-N at the
southern location was likely lost through denitriﬁcation. Soils at the
southern location are poorly-drained with no artiﬁcial drainage, con-
ditions that can limit yield potential and promote N loss through de-
nitriﬁcation, particularly in a year with above-average spring rainfall
(Helmers et al., 2012; Hofstra and Bouwman, 2005; Meisinger and
Randall, 1991). Even so, previous estimates of annual denitriﬁcation
losses from poorly-drained, high-SOM cropland would only make up
about half of the unrecovered fertilizer N determined at this location
(Hofstra and Bouwman, 2005; Meisinger and Randall, 1991). Our
evaluation of fertilizer N fate at the southern location suggests that
denitriﬁcation losses may be greater than previously estimated for
poorly-drained Midwestern U.S. cropland.
4.4. Management implications
The large diﬀerence in NREcrop between the central and southern
Iowa locations indicates that high-yielding ﬁelds do not necessarily
require higher N fertilizer inputs, a ﬁnding that runs counter to the
widespread yield-based approach to fertilizer N rate determination and
helps to explain poor correlation between the AONR and yield at the
AONR (Morris et al., 2018). We found that increasing SOM led to
greater soil N-supplying capacity within a ﬁeld, suggesting that SOM-
building practices implemented over the long-term may lead to a re-
duction in the AONR. However, the greater SOM content of the surface
15 cm at the southern location was associated with a higher rather than
lower AONR than the central location due to the lower yield potential
and NREcrop at the southern location.
Several tactics have been proposed to increase NREcrop by im-
proving the synchrony between fertilizer N addition and crop N uptake.
These include at-planting application or split application of N fertilizer
between pre-plant and early-vegetative growth (Randall and Sawyer,
2008), subsurface placement of N fertilizer (Nkebiwe et al., 2016), in-
season diagnostic tools to ﬁne-tune N rate according to weather and soil
conditions (Colaço and Bramley, 2018; Sela et al., 2018), enhanced-
eﬃciency fertilizers (Li et al., 2018), and enhanced eﬃciency crops
with deep, vigorous root systems (Yu et al., 2015). Gardner and
Drinkwater (2009) evaluated the impact of several of these manage-
ment tactics using meta-analysis and found that they increased NRcrop
by −0.9 to 43%. In the case of the southern Iowa location, economic
ineﬃciencies associated with poor crop fertilizer recovery likely dictate
broader land use decisions that may reduce the environmental impact
of maize production: the combination of high input costs and low maize
yields at the southern location correspond to a much lower proportion
of land area devoted to row crop production in south-central Iowa than
in central Iowa (26% and 72% for Lucas County and Boone County,
respectively, in 2016) (National Agricultural Statistics Service, 2018).
4.5. Methodological considerations in determining crop fertilizer N recovery
Crop fertilizer N recovery was higher when calculated by the dif-
ference method than by the direct method (Fig. 3), a ﬁnding that is
consistent with the majority of studies that have compared these
methods (Hauck and Bremner, 1976; Ladha et al., 2005; Rao et al.,
1992; Stevens et al., 2005). The diﬀerence method assumes that the soil
supplies the same amount of N to the crop in fertilized and unfertilized
treatments (Hauck and Bremner, 1976). Greater N recovery by the
diﬀerence method than the direct method could arise if this assumption
is violated (i.e., N fertilization enhances soil N mineralization or root
growth). Gross mineralization rates measured in zero-N and optimum-N
subplots during the 2015 growing season indicate that the soil did not
supply more N to the crop in the optimum-N subplots than the zero-N
subplots (Mahal et al., in revision), although it is possible that greater
root growth with N fertilization enhanced crop uptake of soil N (Cai
et al., 2015). Alternatively, the greater NRcrop by the diﬀerence method
could reﬂect an inaccuracy of the direct method caused by biological
interchange of 15N-labeled N with unlabeled soil N (i.e., part of the 15N-
enriched N applied to a soil is immobilized in the organic N fraction and
replaced with N mineralized from the native SOM) (Harmsen and
Moraghan, 1988; Jenkinson et al., 1985). Pool substitution of 15N is
particularly pronounced where rates of N immobilization are high
(Jenkinson et al., 1985), and thus we would expect a greater eﬀect in
plots that received more crop residue inputs due to high historical N
rates. However, we found that NRcrop responded similarly to historical
N rate for both methods, suggesting that if biological interchange of 15N
did occur, the magnitude of this eﬀect was similar across our treat-
ments.
5. Conclusion
We evaluated the legacy eﬀect of long-term N fertilizer rate on the
fate of N fertilizer inputs in continuous maize production at two loca-
tions in Iowa. Increasing N inputs led to greater total SOC at both lo-
cations. When the AONR was applied across all historical N rate
treatments, NRcrop exhibited a curvilinear response, with the greatest
recovery in plots receiving low and high historical N inputs; the lowest
recovery occurred at historically intermediate N inputs. However, his-
torical N rate had no eﬀect on fertilizer recovery in the crop plus soil
proﬁle. On average, 34% and 69% of fertilizer N inputs were not re-
covered in crop and soil pools at the end of the growing season at the
two study locations, suggesting that, while beneﬁcial for SOC storage
over the long term, fertilizing at the AONR can lead to signiﬁcant en-
vironmental N losses. Concentrating maize production in agroecosys-
tems with greater NREcrop (e.g., our central vs. southern location) and
implementing tactics to improve synchrony of N availability and crop
uptake may reduce environmental damage associated with maize pro-
duction..
Acknowledgements
This study was funded by the United States Department of
Agriculture National Institute of Food and Agriculture grant number
2014-67019-21629. We are grateful to the Iowa State University
Research Farm personnel for maintaining the N rate experiments and to
the students and research associates who helped with sample collection
and analysis.
Appendix A. Supplementary data
Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.agee.2018.07.005.
H.J. Poﬀenbarger et al. Agriculture, Ecosystems and Environment 265 (2018) 544–555
553
References
Abendroth, L.J., Elmore, R.W., Boyer, M.J., Marlay, S.K., 2011. Corn Growth and
Development. Iowa State University Extension, Ames, IA.
Barrett, J.E., Burke, I.C., 2002. Nitrogen retention in semiarid ecosystems across a soil
organic matter gradient. Ecol. Appl. 12, 878–890.
Brown, K.H., Bach, E.M., Drijber, R.A., Hofmockel, K.S., Jeske, E.S., Sawyer, J.E.,
Castellano, M.J., 2014. A long-term nitrogen fertilizer gradient has little eﬀect on soil
organic matter in a high-intensity maize production system. Glob. Chang. Biol. 20,
1339–1350.
Burger, M., Jackson, L.E., 2003. Microbial immobilization of ammonium and nitrate in
relation to ammoniﬁcation and nitriﬁcation rates in organic and conventional crop-
ping systems. Soil Biol. Biochem. 35, 29–36.
Burkart, M.R., James, D.E., 1999. Agricultural-nitrogen contributions to hypoxia in the
Gulf of Mexico. J. Environ. Qual. 28, 850–859.
Cai, M., Dong, Y., Chen, Z., Kalbitz, K., Zhou, J., 2015. Eﬀects of nitrogen fertilizer on the
composition of maize roots and their decomposition at diﬀerent soil depths. Eur. J.
Soil Biol. 67, 43–50.
Cassman, K.G., Dobermann, A., Walters, D.T., 2002. Agroecosystems, nitrogen-use eﬃ-
ciency, and nitrogen management. Ambio 31, 132–140.
Castellano, M.J., Kaye, J.P., Lin, H., Schmidt, J.P., 2011. Linking carbon saturation
concepts to nitrogen saturation and retention. Ecosystems 15, 175–187.
Cerrato, M.E., Blackmer, A.M., 1990. Comparison of models for describing corn yield
response to nitrogen fertilizer. Agron. J. 82, 138–143.
Chen, J.S., Mackenzie, A.F., 1992. Fixed ammonium and potassium as aﬀected by added
nitrogen and potassium in three Quebec soils. Commun. Soil Sci. Plant Anal. 23,
1145–1159.
Chung, H., Grove, J.H., Six, J., 2008. Indications for soil carbon saturation in a tem-
perature agroecosystem. Soil Sci. Soc. Am. J. 72, 1132–1139.
Colaço, A.F., Bramley, R.G.V., 2018. Do crop sensors promote improved nitrogen man-
agement in grain crops? Field Crops Res. 218, 126–140.
Compton, J.E., Boone, R.D., 2002. Soil nitrogen transformations and the role of light
fraction organic matter in forest soils. Soil Biol. Biochem. 34, 933–943.
Culman, S.W., Snapp, S.S., Green, J.M., Gentry, L.E., 2013. Short- and long-term labile
soil carbon and nitrogen dynamics reﬂect management and predict corn agronomic
performance. Agron. J. 105, 493–502.
Curtin, D., Wen, G., 1999. Organic matter fractions contributing to soil nitrogen miner-
alization potential. Soil Sci. Soc. Am. J. 63, 410–415.
David, M.M.B., Gentry, L.L.E., Kovacic, Da., Smith, K.M.K., 1997. Nitrogen balance in and
export from an agricultural watershed. J. Environ. Qual. 26, 1038.
de Wit, C.T., 1992. Resource use eﬃciency in agriculture. Agric. Syst. 40, 125–151.
Dietzel, R., Liebman, M., Archontoulis, S., 2017. A deeper look at the relationship be-
tween root carbon pools and the vertical distribution of the soil carbon pool. Soil 3,
139–152.
Fan, J., McConkey, B., Wang, H., Janzen, H., 2016. Root distribution by depth for tem-
perate agricultural crops. Field Crops Res. 189, 68–74.
Franzluebbers, A.J., Arshad, M.A., 1997. Particulate organic carbon content and potential
mineralization as aﬀected by tillage and texture. Soil Sci. Soc. Am. J. 61, 1382–1386.
Gardner, J.B., Drinkwater, L.E., 2009. The fate of nitrogen in grain cropping systems: a
meta-analysis of 15N ﬁeld experiments. Ecol. Appl. 19, 2167–2184.
Grandy, A.S., Neﬀ, J.C., 2008. Molecular C dynamics downstream: the biochemical de-
composition sequence and its impact on soil organic matter structure and function.
Sci. Total Environ. 404, 297–307.
Gulde, S., Chung, H., Amelung, W., Chang, C., Six, J., 2008. Soil carbon saturation con-
trols labile and stable carbon pool dynamics. Soil Sci. Soc. Am. J. 72, 605–612.
Harmsen, K., Moraghan, J.T., 1988. A comparison of the isotope recovery and diﬀerence
methods for determining nitrogen fertilizer eﬃciency. Plant Soil 67, 55–67.
Hauck, R.D., Bremner, J.M., 1976. Use of tracers for soil and fertilizer nitrogen research.
Adv. Agron. 28, 219–266.
Helmers, M., Christianson, R., Brenneman, G., Lockett, D., Pederson, C., 2012. Water
table, drainage, and yield response to drainage water management in southeast Iowa.
J. Soil Water Conserv. 67, 495–501.
Hofstra, N., Bouwman, A.F., 2005. Denitriﬁcation in agricultural soils: summarizing
published data and estimating global annual rates. Nutr. Cycl. Agroecosyst. 72,
267–278.
Hood-Nowotny, R., Umana, N.H.-N., Inselbacher, E., Oswald- Lachouani, P., Wanek, W.,
2010. Alternative methods for measuring inorganic, organic, and total dissolved ni-
trogen in soil. Soil Sci. Soc. Am. J. 74, 1018–1027.
Hothorn, T., Bretz, F., Westfall, P., 2008. Simultaneous inference in general parametric
models. Biometrical J. 50, 346–363.
Iowa State University, 2017. Iowa Environmental Mesonet [WWW Document]. URL.
http://mesonet.agron.iastate.edu/request/coop/fe.phtml.
Jaynes, D.B., Colvin, T.S., Karlen, D.L., Cambardella, C.A., Meek, D.W., 2001. Nitrate loss
in subsurface drainage as aﬀected by nitrogen fertilizer rate. J. Environ. Qual. 30,
1305–1314.
Jenkinson, D.S., Fox, R.H., Rayner, J.H., 1985. Interactions between fertilizer nitrogen
and soil nitrogen - the soil-called “priming” eﬀect. J. Soil Sci. 36, 425–444.
Kettler, T.A., Doran, J.W., Gilbert, T.L., 2001. Simpliﬁed method for soil particle-size
determination to accompany soil-quality analyses. Soil Sci. Soc. Am. J. 65, 849–852.
Ladd, J.N., Parsons, J.W., Amato, M., 1977. Studies of nitrogen immobilization and mi-
neralization in calcareous soils. II. Mineralization of immobilized nitrogen from soil
fractions of diﬀerent particle size and density. Soil Biol. Biochem. 9, 319–325.
Ladha, J.K., Pathak, H., Krupnik, T.J., Six, J., van Kessel, C., 2005. Eﬃciency of fertilizer
nitrogen in cereal production: retrospects and prospects. Adv. Agron. 87, 85–156.
Ladha, J.K., Reddy, C.K., Padre, A.T., van Kessel, C., 2011. Role of nitrogen fertilization in
sustaining organic matter in cultivated soils. J. Environ. Qual. 40, 1756–1766.
Laﬂen, J.M., Amemiya, M., Hintz, E.A., 1981. Measuring crop residue cover. J. Soil Water
Conserv. 6, 341–343.
Lawlor, P.A., Helmers, M.J., Baker, J.L., Melvin, S.W., Lemke, D.W., 2008. Nitrogen ap-
plication rate eﬀect on nitrate-nitrogen concentration and loss in subsurface drainage
for a corn-soybean rotation. Trans. Am. Soc. Agric. Biol. Eng. 51, 83–94.
Lazicki, P.A., Liebman, M., Wander, M.M., 2016. Root parameters show how management
alters resource distribution and soil quality in conventional and low-input cropping
systems in Central Iowa. PLoS One 11, e0164209.
Li, T., Zhang, W., Yin, J., Chadwick, D., Norse, D., Lu, Y., Liu, X., Chen, X., Zhang, F.,
Powlson, D., Dou, Z., 2018. Enhanced-eﬃciency fertilizers are not a panacea for
resolving the nitrogen problem. Glob. Chang. Biol. 24, e511–e521.
Liang, B.C., MacKenzie, A.F., 1994. Fertilization rates and clay ﬁxed ammonium in two
Quebec soils. Plant Soil 163, 103–109.
Liang, B., Zhao, W., Yang, X.Y., Zhou, J.B., 2013. Fate of nitrogen-15 as inﬂuenced by soil
and nutrient management history in a 19-year wheat-maize experiment. Field Crops
Res. 144, 126–134.
Liu, J., You, L., Amini, M., Obersteiner, M., Herrero, M., Zehnder, A.J.B., Yang, H., 2010.
A high-resolution assessment on global nitrogen ﬂows in cropland. Proc. Natl. Acad.
Sci. U. S. A. 107, 8035–8040.
Loveland, P., Webb, J., 2003. Is there a critical level of organic matter in the agricultural
soils of temperate regions: a review. Soil Tillage Res. 70, 1–18.
Martinez-Feria, R.A., Castellano, M.J., Dietzel, R.N., Helmers, M.J., Liebman, M., Huber,
I., Archontoulis, S.V., 2018. Linking crop- and soil-based approaches to evaluate
system nitrogen-use eﬃciency and tradeoﬀs. Agric. Ecosyst. Environ. 256, 131–143.
Meisinger, J.J., Randall, G.W., 1991. Estimating nitrogen budgets for soil-crop systems.
In: Follett, R.F., Keeney, D.R., Cruse, R.M. (Eds.), Managing Nitrogen for
Groundwater Quality and Farm Proﬁtability, pp. 85–124.
Morris, T.F., Murrell, T.S., Beegle, D.B., Camberato, J.J., Ferguson, R.B., Grove, J.,
Ketterings, Q., Kyveryga, P.M., Laboski, C.A.M., McGrath, J.M., Meisinger, J.J.,
Melkonian, J., Moebius-Clune, B., Nafziger, E.D., Osmond, D., Sawyer, J.E., Scharf,
P.C., Smith, W., Spargo, J.T., van Es, H.M., Yang, H., 2018. Strengths and limitations
of nitrogen rate recommendations for corn and opportunities for improvement.
Agron. J. 110, 1–137.
Motavalli, P.P., Bundy, L.G., Andraski, T.W., Peterson, A.E., 1992. Residual eﬀects of
long-term nitrogen fertilization on nitrogen availability to corn. J. Prod. Agric. 5,
363–368.
National Agricultural Statistics Service, 2018. Quick Stats Database. National Agricultural
Statistics Service, Washington, D.C.
Nissen, T.M., Wander, M.M., 2003. Management and soil quality eﬀects on fertilizer use
eﬃciency and leaching. Soil Sci. Soc. Am. J. 62, 1524–1532.
Nkebiwe, P.M., Weinmann, M., Bar-Tal, A., Muller, T., 2016. Fertilizer placement to
improve crop nutrient acquisition and yield: a review and meta-analysis. Field Crops
Res. 196, 389–401.
Osterholz, W.R., Rinot, O., Liebman, M., Castellano, M.J., 2017a. Can mineralization of
soil organic nitrogen meet maize nitrogen demand? Plant Soil 415, 73–84.
Osterholz, W.R., Rinot, O., Shaviv, A., Linker, R., Liebman, M., Sanford, G., Strock, J.,
Castellano, M.J., 2017b. Predicting gross nitrogen mineralization and potentially
mineralizable nitrogen using soil organic matter properties. Soil Sci. Soc. Am. J. 81,
1115.
Pan, G., Smith, P., Pan, W., 2009. The role of soil organic matter in maintaining the
productivity and yield stability of cereals in China. Agric. Ecosyst. Environ. 129,
344–348.
Pinheiro, J., Bates, D., Debroy, S., Sarkar, D., R Core Team, 2014. Nlme: Linear and
Nonlinear Mixed Eﬀects Models.
Plaza, C., Courtier-Murias, D., Fernández, J.M., Polo, A., Simpson, A.J., 2013. Physical,
chemical, and biochemical mechanisms of soil organic matter stabilization under
conservation tillage systems: a central role for microbes and microbial by-products in
C sequestration. Soil Biol. Biochem. 57, 124–134.
Poﬀenbarger, H.J., Barker, D.W., Helmers, M.J., Miguez, F.E., Sawyer, J.E., Castellano,
M.J., 2017. Maximum soil organic C storage when crops are optimally fertilized. PLoS
One 12, e0172293.
Poirier, V., Angers, D.A., Whalen, J.K., 2014. Formation of millimetric-scale aggregates
and associated retention of 13C-15N-labelled residues are greater in subsoil than
topsoil. Soil Biol. Biochem. 75, 45–53.
Puget, P., Angers, D.A., Chenu, C., 1998. Nature of carbohydrates associated with water-
stable aggregates of two cultivated soils. Soil Biol. Biochem. 31, 55–63.
R Core Team, 2017. R: a Language and Environment for Statistical Computing.
Randall, G.W., Sawyer, J.E., 2008. Nitrogen application timing, forms, and additives. In:
Final Report: Gulf Hypoxia and Local Water Quality Concerns Workshop. ASABE, St.
Joseph, MI. pp. 73–85.
Rao, A.C.S., Smith, J.L., Parr, J.F., Papendick, R.I., 1992. Considerations in estimating
Nitrogen Recovery Eﬃciency by the diﬀerence and isotopic dilution methods. Fertil.
Res. 33, 209–217.
Robertson, G.P., Vitousek, P.M., 2009. Nitrogen in agriculture: Balancing the cost of an
essential resource. Annu. Rev. Environ. Resour. 34, 97–125.
Russell, A.E., Cambardella, C.A., Laird, D.A., Jaynes, D.B., Meek, D.W., 2009. Nitrogen
fertilizer eﬀects on soil carbon balances in Midwestern U.S. agricultural systems.
Ecol. Appl. 19, 1102–1113.
Schindler, F.V., Knighton, R.E., 1999. Fate of fertilizer nitrogen applied to corn as esti-
mated by the isotopic and diﬀerence methods. Soil Sci. Soc. Am. J. 63, 1734–1740.
Seitzinger, S., Harrison, J.A., Bohlke, J.K., Bouwman, A.F., Lowrance, R., Peterson, B.,
Tobias, C., Van Drecht, G., 2006. Denitriﬁcation across landscapes and waterscapes: a
synthesis. Ecol. Appl. 16, 2064–2090.
Sela, S., Woodbury, P.B., van Es, H.M., 2018. Dynamic model-based N management re-
duces surplus nitrogen and improves the environmental performance of corn
H.J. Poﬀenbarger et al. Agriculture, Ecosystems and Environment 265 (2018) 544–555
554
production. Environ. Res. Lett. 13, 054010.
Simpson, A.J., Simpson, M.J., Smith, E., Kelleher, B.P., 2007. Microbially derived inputs
to soil organic matter: are current estimates too low? Environ. Sci. Technol. 41,
8070–8076.
Six, J., Elliott, E.T., Paustian, K., Doran, J.W., 1998. Aggregation and soil organic matter
accumulation in cultivated and native grassland soils. Soil Sci. Soc. Am. J. 62,
1367–1377.
Six, J., Conant, R.T., Paul, E.A., Paustian, K., 2002. Stabilization mechanisms of soil or-
ganic matter: implications for C-saturation of soils. Plant Soil 241, 155–176.
Soil Survey Staﬀ, 2018. Web Soil Survey [WWW Document]. URL. https://
websoilsurvey.sc.egov.usda.gov/.
Spargo, J.T., Cavigelli, M.A., Mirsky, S.B., Maul, J.E., Meisinger, J.J., 2011. Mineralizable
soil nitrogen and labile soil organic matter in diverse long-term cropping systems.
Nutr. Cycl. Agroecosyst. 90, 253–266.
Stevens, W.B., Hoeft, R.G., Mulvaney, R.L., 2005. Fate of nitrogen-15 in a long-term ni-
trogen rate study: II. Nitrogen uptake eﬃciency. Agron. J. 97, 1046–1053.
Stevenson, F.J., Cole, M.A., 1999. Cycles of Soil Carbon, Nitrogen, Phosphorus, Sulfur,
Micronutrients, 2nd ed. John Wiley and Sons, New York.
Stewart, C.E., Plante, A.F., Paustian, K., Conant, R.T., Six, J., 2008. Soil carbon saturation:
linking concept and measurable carbon pools. Soil Sci. Soc. Am. J. 72, 379–392.
Stewart, C.E., Paustian, K., Conant, R.T., Plante, A.F., Six, J., 2009. Soil carbon saturation:
implications for measurable carbon pool dynamics in long-term incubations. Soil
Biol. Biochem. 41, 357–366.
Timmons, D.R., Cruse, R.M., 1990. Eﬀect of fertilization method and tillage on nitrogen-
15 recovery by corn. Agron. J. 82, 777–784.
Unger, P.W., Kaspar, T.C., 1994. Soil compaction and root growth: a Review. Agron. J. 86,
759–766.
Varvel, G.E., Peterson, T.A., 1990. Nitrogen fertilizer recovery by corn in monoculture
and rotation systems. Agron. J. 938, 935–938.
White, C.M., Kemanian, A.R., Kaye, J.P., 2014. Implications of carbon saturation model
structures for simulated nitrogen mineralization dynamics. Biogeosciences
6725–6738.
Williams, C.L., Liebman, M., Edwards, J.W., James, D.E., Singer, J.W., Arritt, R.,
Herzmann, D., 2008. Patterns of regional yield stability in association with regional
environmental characteristics. Crop Sci. 48, 1545–1559.
Yu, P., Li, X., White, P.J., Li, C., 2015. A large and deep root system underlies high
nitrogen-use eﬃciency in maize production. PLoS One 10, e0126293.
H.J. Poﬀenbarger et al. Agriculture, Ecosystems and Environment 265 (2018) 544–555
555
